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A B S T R A C T
In the last 20 years there have been many studies investigating the distribution of 5-HT4-receptors in the
brain of different species. Most studies are methodically based on RT-PCR or in situ hybridization and
have analysed the receptors at the mRNA level.
Furthermore there have been some autoradiographic studies using speciﬁc 5-HT4-receptor
antagonists like [3H]GR113808, [3H]BIMU-1 or [125I]SB207710.
This study investigates the topographical distribution of the 5-HT4(a)-receptor in the juvenile rat brain
and spinal cord, which is important for neuromodulation of cellular excitability and could be involved in
various developmental processes of the central nervous system. We analysed the 5-HT4(a)-receptor at
protein level with a monospeciﬁc polyclonal antibody by using an immunohistochemical staining.
We saw an intensive staining in some areas of the cortex, in the olfactory bulb, in most areas of the
cerebellum, in hippocampal areas like the dentate gyrus and in several different areas of the brainstem,
especially in the motor nuclei. Overall we have shown comparable results in accordance with the results
of other studies investigating the distribution of 5-HT4(a)-receptors.
Some areas like the islands of Calleja, the preoptic nucleus or the medial habenular nucleus showed a
lower intensity of 5-HT4(a)-receptors in comparison with the results of other studies. As a novel result we
found a higher intensity of 5-HT4(a)-receptor in several brain areas associated with motor function than
was shown by other studies, especially in the motor cortex, in different areas of the cerebellum, in the red
nucleus, in the motor nuclei of the brainstem or in the ventral horn cells of the spinal cord.
We conclude that the 5-HT4(a)-receptor may play a more prominent role in the modulation of motor
cortico-ponto-cerebellar, cortico-spinal, rubro-spinal, vestibulo-spinal and cortico-nuclear tracts during
juvenile development.
 2014 The Authors. Published by Elsevier B.V. 
Contents lists available at ScienceDirect
Journal of Chemical Neuroanatomy
jo ur n al ho mep ag e: www .e lsev ier . c om / lo cate / jc h emn eu
Open access under CC BY-NC-ND license. 1. Introduction
The neurotransmitter 5-HT (serotonin) can be detected in
prenatal rat brain neurons approximately 10 days before birth
(Aitken and To¨rk, 1988; Lidov and Molliver, 1982). The presence of* Corresponding author at: Department of Child and Adolescent Psychiatry and
Psychotherapy, Otto-von-Guericke University of Magdeburg, Klinikum Magdeburg,
Birkenallee 34, 39130 Magdeburg, Germany. Tel.: +49 1779320678.
E-mail addresses: beato.suwa@klinikum-magdeburg.de,
beato.suwa@googlemail.com (B. Suwa).
0891-0618       2014 The Authors. Published by Elsevier B.V. 
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Open access under CC BY-NC-NDserotonin in the early development of mammalian brains lead to
the hypothesis that serotonin plays a major role in the early
development of the central nervous system (Emerit et al., 1992;
Lauder, 1990; Hernandez and Janusonis, 2010). Serotonin (5-
hydroxytryptamine (5-HT)) is an important neuromodulator that
regulates a variety of physiological functions. This is reﬂected by an
intense innervation of different brain regions and the rich
expression of different receptor types (5-HTRs) (Barnes and Sharp,
1999; Eglen et al., 1995; Hoyer et al., 2002; Kroeze et al., 2002).
Seven 5-HTR (serotonin receptor) families (5-HT1, 5-HT2, 5-HT3,
5-HT4, 5-HT5, 5-HT6, 5-HT7) with many different receptor subtypes
have been identiﬁed so far. Except for the 5-HT3R, which is a
ligand-gated Na+/K+ channel 5-HTRs belong to the family of
G-protein-coupled receptors (GPCRs; Barnes and Sharp, 1999). The
5-HT4R exerts excitatory effects through its positive coupling to license. 
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induce robust increases of intracellular adenosine 30, 50-monopho-
sphate (cAMP) levels (Bockaert et al., 1990; Heine et al., 2002). The
5-HT4(a)R is a C-terminal splice variant of the 5-HT4R and is not
only linked to stimulating GS-proteins but also is coupled to the
heterotrimeric Ga13-protein (Ponimaskin et al., 2002a,b) activating
a signal transduction pathway that results in activation of gene
transcription, neurite retraction, and cell rounding through the
action of small GTPases of the RhoA protein family (Marshall, 1999;
Niu et al., 2001; Ponimaskin et al., 2002a,b; Salmon et al., 2012).
The existence of many different C-terminal splice-variants could
be shown in human brain so far [5-HT4(a)–4(h)R] (Bender et al.,
2000; Blondel et al., 1998). The 5-HT4-receptor is expressed in
different tissues, including brain, gastrointestinal tract and heart
(Eglen et al., 1995). In the mammalian brain, the 5-HT4-receptor
contributes to the control of dopamine secretion and regulates
learning and long term memory (Bonhomme et al., 1995;
Marchetti-Gauthier et al., 1997).
5-HT4-receptors are thought to be involved in various central
and peripheral disorders, including neurodegenerative diseases
(Wong et al., 1996; Madsen et al., 2011). Recent studies indicate
that 5-HT4-receptor agonists may have positive effects in the
treatment of various diseases like depression (Licht et al., 2009;
Lucas et al., 2007, 2010) and Alzheimer’s disease (Cho and Hu, 2007;
Shen et al., 2011). Furthermore abnormalities in the serotonin
homeostasis are known to be involved in the pathogenesis of
different psychiatrical disorders like depression, anxiety disorder,
obsessive–compulsive disorder, ADHD (attention deﬁcit hyperac-
tivity disorder) (Oades et al., 2008; Roessner et al., 2009) and in
deliberated self-harm (Rothenberger, 1993). ADHD is one of the
most common child psychiatric disorders with the core symptoms of
inattention, hyperactivity, and impulsivity (Rothenberger and
Rothenberger, 2012). The serotonin system is one of the main
targets of antidepressant, antipsychotic and other psychiatric
medication. We produced a speciﬁc antibody against a synthetic
peptide that corresponds to the C-terminal sequence of the 5-HT4(a)-
receptor (amino acids His364 to Pro380) (Ponimaskin et al., 2001). This
enabled us to speciﬁcally identify the spatial expression of the
5-HT4(a)-receptor in the central nervous system.
2. Methods
The experimental procedures were performed in accordance with European
Community and National Institutes of Health guidelines for the care and use of
laboratory animals. The study was approved by the ethical committee of the Georg-
August-University, Go¨ttingen.
2.1. Tissue preparation
Juvenile male Sprague–Dawley rats (P28–P32; n = 5) (Supplier: Charles River)
were deeply anesthetized with isoﬂurane (1-chloro-2, 2, 2-triﬂuoroethyl-diﬂuor-
omethylether, Abbott, Wiesbaden, Germany). The experiments were performed in
addition to a series of experiments investigating different 5-HTRs in neonatal,
postnatal and juvenile rats. After thoracotomy, the animals were transcardially
perfused with 50 ml 0.9% sodium chloride to remove the blood followed by 200 ml
4% phosphate-buffered formaldehyde (10 ml min1). The brain and the spinal cord
were removed and postﬁxed for 4 h with the same ﬁxative at 4 8C. Tissues were
cryoprotected in 10% sucrose for 2 h followed by 30% sucrose in 0.1 M phosphate
buffer overnight at 4 8C and frozen at 25 8C afterwards. Series of 40-mm-thick
transverse and sagittal brain sections were cut using a cryostat (Frigocut, Reichert-
Jung, Germany). Free-ﬂoating sections were rinsed three times in PBS (pH 7.4) for
15 min each before immunochemical treatment.
2.2. Applied antisera
The 5-HT4(a)R is a C-terminal splice variant of the 5-HT4R. Therefore the peptide
for immunization was derived from the C-terminal domain of the rat 5-HT4(a)R
sequence (Ensembl protein ID: ENSRNOP00000025871; immunogenic peptide
HSGQHQELEKLPIHNDP). In previous studies (Bickmeyer et al., 2002; Manzke et al.,
2003, 2008) our home-made afﬁnity-puriﬁed polyclonal rabbit antibody was
extensively characterized and proven to recognize speciﬁcally a single band
of approximately 46 kDa that corresponds with the predicted molecular mass ofthe 5-HT4(a)R. Here we blocked the neuronal immunohistochemical signal when
the antibody was pre-incubated with a 50-fold molar excess of the peptide
HSGQHQELEKLPIHNDP (Fig. 1).
2.2.1. Characterization of the anti-serotonin 4(a) receptor antibody
The peptide-speciﬁc anti-5-HT4(a) receptor antibodies were tested for speciﬁcity
using the Western Blot technique, immunohisto-/cytochemistry, and an ELISA with
solid phase-coated antigen (see Section 2.2.2). The anti-5-HT4(a) receptor antibody
reaction showed a single band of about 46 kDa which corresponds with the
predicted molecular mass of the 5-HT4(a) receptor (see Fig. 3A). Immunoﬂuores-
cence analysis of N1E-115 cells (mouse neuroblastoma cells) which had been
transiently transfected with the murine 5-HT4(a)R-GFP plasmid indicated a strong
co-labelling of the 5-HT4(a)R-GFP and the anti-5-HT4(a) receptor antibody staining.
The non-transfected N1E-115 wild-type cells did not reveal any 5-HT4(a) receptor
immunoreactivity (IR) (see Fig. 3C). This result was in accordance with the RT-PCR
analysis which indicated that the non-transfected N1E-115 cells did not express the
5-HT4(a)R-speciﬁc mRNA (see Fig. 3B). Furthermore, the speciﬁc 5-HT4(a)R-IR in
neurones of rat brainstem slices was blocked after pre-incubation of the primary
antibody with a 50-fold molar excess of the peptide HSGQHQELEKLPIHNDP which
had been used for the immunization (see Fig. 2).
2.2.2. Antibody test for cross-reactivities using an ELISA with solid phase-coated
antigen
The monospeciﬁc polyclonal anti-serotonin 4(a) receptor antibody from rabbit
was tested for cross-reactivities using an ELISA with solid phase-coated antigen. As
visible in the cross-reactivity table the antibody did only recognize the peptides
which were used for the generation. There were no cross-reactivities of the
antibody with the immobilized glial ﬁbrillary acidic protein, the myelin basic
protein, and neuroﬁlaments. The monospeciﬁc anti-5-HT4(a)R antibody recognized
both the murine peptide (HSGHHQELEKLPIHNDP) and the rat peptide (HSGQHQE-
LEKLPIHNDP) in which the amino acid sequence differ only in one position (H/Q)
(Table 1).
Taken together the monospeciﬁc polyclonal anti-5-HT4(a)R antibody was speciﬁc
for the target antigen. It revealed a speciﬁc signal in the Western Blot technique. The
antibody worked well in immunohisto-/cytochemistry, FACS analysis, and the
ELISA assay (Manzke et al., 2003, 2008).
2.3. Peroxidase anti-peroxidase (PAP) staining
The intrinsic peroxidase activity was blocked with hydrogen peroxide methanol
(1: 100) for 45 min at room temperature in the dark. After washing sections were
permeabilized with 0.2% Triton X-100 for 30 min and directly transferred into PBS
containing 5% BSA for 1 h at room temperature to block non-speciﬁc binding sites.
Sections were incubated at 4 8C in primary antibody solution at a dilution of 1:500
overnight and subsequently washed three times for 10 min each. Secondary
antibodies ((polyclonal anti-rabbit IgG (H + L)–antibody from pig) diluted 1:50;
DAKO, Denmark) were applied for 1 h at room temperature and rinsed with PBS
three times for 10 min each. After incubation in peroxidase anti-peroxidase (PAP)-
solution (1:100; DAKO, Denmark) for 1 h at room temperature, sections were
extensively washed and pre-incubated with freshly prepared and ﬁltered
diaminobenzidine (DAB)-solution [120 ml DAB (75 mg DAB dissolved in 1.5 ml
0.1 M phosphate buffer), 240 ml 1.25% CoCl2 and 240 ml 5% Ni(NH4)2SO4 diluted in
29.4 ml PBS] for 10 min at room temperature. The enzymatic reaction was started
by adding 10 ml of 35% H2O2 to 10 ml DAB solution and stopped with PBS after 1–
5 min. DAB-stained sections were washed in PBS, mounted onto gelatine-coated
slides, dehydrated (2  50% ethanol, 2  80% ethanol, and 2  99.9% ethanol, 5 min
each), cleared with four changes of xylene, coverslipped with mounting medium
(DePeX from Serva, Heidelberg, Germany).
2.4. Analysis of the sections with the digital microscope
The digital acquisition of the generated object slides with the brain sections was
realized with the digital microscope Nikon Coolscope (Nikon, Melville, USA). At
different zoom levels (2, 4, 20, 40) we produced colour photographs in the ﬁle
format ‘Portable Network Graphics’. Images were taken at 2048  2048 dpi and
were imported into Adobe Photoshop CS2/CS3, were digitally adjusted if necessary
for brightness and contrast and were assembled into plates. We analysed the
different brain regions with the Nikon Coolscope (Nikon, Melville, USA) and with
optical microscopes (n = 5 animals). We determined the density (cells per area) of
the stained neurons and the intensity of staining in those regions. The density of the
stained neurons has been classiﬁed as ‘‘low’’, ‘‘medium’’ or ‘‘high’’ density
considering the amount of stained cells per area and the differences in tissue
and neuron/glia types. It is difﬁcult to compare, e.g. the density of large multipolar
neurons of the cerebellum (see Fig. 8B) with the density of pyramidal cells of the
cortex (see Fig. 4). So we also had to consider factors like neuron size and the
location and type of the examined tissue. We also considered the shape (e.g.
dendrites (see the comments in the tabular results)) of the immunohistochemical
staining. The intensity of staining has been classiﬁed as ‘‘low’’, ‘‘medium’’ or ‘‘high’’
intensity considering the contrast and brightness of the immunohistochemical
staining as well as the differences in tissue and neuron/glia types. Again, it is
Fig. 1. 5-HT4(a)R alignment: The homologies between the amino acid sequences in the range of 1–387 are 96.9% for the sequences of mouse and rat, 94.6% for the sequences of
mouse and man, and 93.5% for the primary structure of rat and man. The mismatches are indicated by red letters, and the peptide NH2-HSGQHQELEKLPIHNDP-COOH, which
was used for the immunization, is marked with green colour. The speciﬁcity of the selected peptide sequence was tested using the GCG (Genetic Computing Group)
programme BLAST. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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cerebellum (see Fig. 8B) with the staining-intensity of pyramidal cells of the cortex
(see Fig. 4). We also had to consider the differences in tissue and neuron/glia types.
The analysis with the Nikon Coolscope has been performed with constant
illumination and with constant digital processing (Adobe Photoshop CS2; 9.0) to
ensure the comparability of the results. The analysis with the optical microscopesTable 1
Test of the polyclonal anti-5-HT4(a)R antibody for cro
was adsorbed to the microtitre plate and incub
Abbreviations: myelin basic protein (MBP), glial ﬁbrhas been performed with constant illumination to ensure the comparability of the
results.
The distribution of the labelled neurons was plotted using an optical microscope
and the Neurolucida system (MBF Bioscience, Willston, USA). The neurons have
been counted manually and we also deﬁned the borders of the brain regions
manually. Then we determined the cells per area ratio with the Neurolucida systemss-reactivities: One microgram of each antigen
ated with the puriﬁed antibody (10 mg/ml).
illary acidic protein (GFAP).
Fig. 2. 5-HT4(a) receptor immunoreactivity – control. (A) 5-HT4(a) receptor
immunoreactivity in the hypoglossal nucleus (XII) of the rat brainstem. (B) The
speciﬁc 5-HT4(a)R-IR in neurons of rat brainstem slices was blocked after pre-
incubation of the primary antibody with a 50-fold molar excess of the peptide
HSGQHQELEKLPIHNDP which had been used for the immunization.
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quantitative analysis of some stained brain sections.
3. Results
This study investigates the topographical distribution of the
5-HT4(a)-receptor in the juvenile rat brain and spinal cord. WeFig. 3. Test of the speciﬁcity of the peptide-speciﬁc anti-5-HT4(a)R antibody. (A) Immuno
One hundred microgram protein of the membrane fraction of N1E-115 cells which had be
of the cytosolic fraction of transfected N1E-115 cells (lane 2), 150 mg protein of the me
fraction of total rat brainstem (lane 4) was separated using a 12% SDS-PAGE. The an
corresponds with the predicted molecular mass of the receptor. (B) RT-PCR analysis of tra
expressed the mRNA speciﬁc for the murine 5-HT4(a) receptor (amplicon size 460 bp
transcriptase (RT) served as negative controls (). The ‘‘housekeeping gene’’ b-actin w
partially sequenced for their identiﬁcation. (C) Immunocytochemistry: the staining with t
(red colour) indicated a strong co-labelling only with N1E-115 cells which had been trans
of the references to colour in this ﬁgure legend, the reader is referred to the web versanalysed the density of stained neurons as well as the intensity of
the immunohistochemical staining of the 5-HT4(a)-receptor in
the rat brain tissue. In the brain areas of the diencephalon we
generally found a low density of stained neurons. We found low
densities in the areas of the arcuate nucleus, the supraoptic
nucleus, the paraventricular nucleus and the preoptic nucleus of
the hypothalamus. As an exception, we found a high density
of neurons in the anterodorsal nucleus of the thalamus (see
tabular results for detail). Hippocampal areas also showed a high
density of stained neurons, especially in the dentate gyrus and in
the CA3 ﬁeld (see Fig. 11). In the spinal cord we found a high
density of stained neurons especially in the area of the ventral
horn cells. We also found several sympathetic neurons (see
Fig. 6). We found a low density of cells in the basal ganglia (see
Fig. 12 (caudate putamen)) (see Fig. 7 (caudate putamen; globus
pallidus)).
3.1. Figures
In summary we could see a varying distribution of the 5-HT4(a)-
receptor in the areas of the cortex (see Figs. 4, 7, 12 and 15). Some
cortical areas like the motor cortex areas showed a high density ofblot analysis: the lysis of the cells was performed using the detergent Triton X-114.
en transiently transfected with the murine 5-HT4(a) receptor (lane 1), 100 mg protein
mbrane fraction of total rat brainstem (lane 3), or 150 mg protein of the cytosolic
tibody detected a single band of about 46 kDa in the membrane fractions which
nsfected and non-transfected N1E-115 cells: the transfected N1E-115 cells (N1E-4)
), whereas the non-transfected cells (N1E-wt) did not. Samples without reverse
as used as an internal standard (amplicon size 769 bp). All RT-PCR products were
he 5-HT4(a)R antibody followed by a secondary Cy5-conjugated anti-rabbit antibody
iently transfected with the murine 5-HT4(a)R-GFP (green colour). (For interpretation
ion of this article.)
Fig. 4. Coronal sections of the cortex [A – Scale bar = 3000 mm]. Sensory cortex in
detail (left) [B – Scale bar = 100 mm]. Motor cortex in detail (right) [C – Scale
bar = 100 mm].
Fig. 5. Motor trigeminal nucleus [5N]; coronal section (A), overview (B), detail (C) [A
– Scale bar = 1000 mm, B – Scale bar = 200 mm, C – Scale bar = 100 mm].
Mesencephalic trigeminal nucleus [Me5], cerebellum [Cb]; coronal section;
Bregma 9.70 mm.
Fig. 6. Ventral horn of the cervical spinal cord [VH]; coronal section (A); detail (B) [A
– Scale bar = 1000 mm; B – Scale bar = 100 mm]. Ventral horn [VH]; coronal section;
Bregma 15.96 mm.
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in the areas of the somatosensory cortex and in the retrosplenial
cortex. In other regions of the cortex like the visual cortex areas or
the orbital cortex we found a low density of stained neurons (see
tabular results for detail).
We could also show a high density in most of the motor nuclei
of the brain stem like the motor trigeminal nucleus (see Fig. 5), the
facial nucleus, or the hypoglossal nucleus. In other regions like the
reticulotegmental nucleus of the pons or the prepositus nucleus we
found a low density of stained neurons (see tabular results for
detail).
In the spinal cord we could show a high density of stained
neurons and a high intensity of staining, especially in the area of
the ventral horn cells. Furthermore we could show a staining of
several sympathetic neurons.
We found a very high density of stained neurons in the
cerebellum. Large multipolar neurons and the highest density of
stained neurons were encountered in the vestibulocerebellar
nucleus. Strong labelling is observed in the granule cell layer (see
Fig. 8).
In mesencephalic areas we found a high density only in some
regions like the oculomotor nucleus, the trochlear nucleus, or the
red nucleus (see Fig. 9). In other mesencephalic areas like the
inferior colliculus or the posterior commissure we found a low
density of stained neurons (see tabular results for details).
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(the rat brain 6th edition (Paxinos and Watson, 2007)))Telencephalon
Region Density of cells Intensity Abbrev Comments
Hippocampus
Dentate gyrus
Field ca1
Field ca2
Field ca3
Oriens-layer
Molecular layer
Hippocampal interneurons
High
Medium
Medium
High
Medium
Medium
High
High
Medium
High
High
Medium
Medium
Medium
DG
CA1
CA2
CA3
Or
MoDG
Fibres in the hilus
Dendritic labelling
Olfactory bulb Medium High OB Mitral cells with high intensity of staining
Olfactory tubercle Medium Medium Small cells, only somata in different sizes, pyramidal cells
Islands of Calleja Low Medium ICj Pyramidal cells
Cingulate cortex Medium Medium Cg1/Cg2 0.2 mm Bregma focally labelled cells with apical dendrites in layer III
Insula Low Low Singular cells
Piriform cortex
Layer I
Layer II
Layer III
Low
Medium
Medium
Medium
Medium
Medium
Pir
Pir1
Pir2
Pir3
Poor cell layer, close bedded cells without attachments
Small pyramidal cells
Pyramidal cells (medium size)
Entorhinal cortex
Layer I
Layer II
Layer III
Layer IV
Low
Medium
Medium
Low
Low
Medium
Medium
Medium
Ent
Marginally few cells
Large stellar cells bedded in lateral islands
Medium sized pyramidal cells
Singular close bedded cells
Caudate putamen Low Low CPu
Globus pallidus Low Low GP
Primary motor cortex High High M1 Pyramidal cells with attachments
1.00 mm Bregma hardly any differentiable borders between layers
0.2 mm Bregma layer V staining
1.3 mm Bregma nearly no staining
Secondary motor cortex High High M2 Pyramidal cells with attachments
1.3 mm Bregma changing labelling in layer III + V
Primary somatosensory cortex High High S1 1.00 mm Bregma pyramidal cells with apical dendrites in layer III + V
1.84 mm Bregma staining decreases in layer V, layer III still marked
Secondary somatosensory cortex High High S2 1.84 mm Bregma pyramidal cell
staining in layer III + V
Retrosplenial dysgranular cortex High High RSD 1.84 mm Bregma turns into pyramidal staining to layer III
Retrosplenial granular cortex High High RSG 1.84 mm Bregma pyramidal staining in layer III, and even stronger in layer V
Primary auditory cortex Medium Medium Au1 3.82 mm Bregma turns into weaker staining, less neurons
4.3 mm Bregma apical dendrites in layer V, less neurons
Primary visual cortex Low Medium V1 0.8 mm Bregma V0 singular pyramidal cells
V1 small pyramidal cells, layer III predominant
Ventral orbital cortex Low High VO 3.05 mm lat Bregma singular pyramidal cells
Lateral orbital cortex Low Medium LO Singular pyramidal cells
Diencephalon
Region Density of cells Intensity Abbrev.
Pax/Wat
Hypothalamus
Arcuate hypothalamic nucleus
Supraoptic nucleus
Paraventricular hypothalamic nucleus
Preoptic nucleus
Low
Low
Low
Low
Medium
Low
Low
Medium
Arc
SO
Small cells no dendrites
Small cells only somata
Singular no attachments
Cells in all sizes, neuropil staining
Zona incerta Low Medium ZI Dendritic staining
Medial habenular nucleus Low Medium MHb Small cells, only somata labelled with a neuropilic staining
Medial eminence Low Medium ME Radial ﬁbres
Medial amygdaloid nucleus Low Low Me Singular multipolar cells in large sizes
Thalamus
Anterodorsal nucleus
Corpus geniculatum
High
Low
Medium
Low
Only somata with neuropilic staining
Neurons in large sizes with a proximal dendritic staining
Medial septal nucleus Low Low MS Small cells with only few attachments
Mesencephalon
Region Density of cells Intensity Abbrev.
Pax/Wat
Comments
Inferior colliculus Low Low IC Only singular cells in a weak staining
Superior colliculus Low High Strong dendritic labelling of extraordinary cells of large size
Red nucleus
Parvo- and magnocellular parts
High High R
Staining with attachments
Superior colliculus, deep grey layer Low High DpG Mainly in the dorsal part arranged in a semicircular pattern
Periaquaeductal grey Low Medium
Posterior commissure, deep mesencephalic and
Magnocellular nuclei
Low Medium Multipolar cells
Trochlear nucleus High High 4N Motoneurons with a strong labelling of the attachments
Oculomotoric nucleus High High 3N Motoneurons with a strong labelling of the attachments
Brain stem and medulla
Region Density of cells Intensity Abbrev.
Pax/Wats
Spinal cord High High Ventral horn cells
Several sympathetic neurons
Cuneate/gracile nucleus Low Medium Cu/Gr External part and rest of nuclei have a strong labelling
Motor trigeminal nucleus Low High 5N Accentuation of the ventral third, continuous labelling throughout
all parts of nucleus, particularly multipolar cells
Reticular formation Low High Singular occurrences only in the gigantocellular reticular nucleus,
multipolar cells
Raphe´ nucleus Low High Only in raphe´ pallidus nucleus
Ambiguus nucleus High High Amb Motoneurons with dendritic labelling
Lateral recticular nucleus High Medium LRt Continous marking without attachments
Inferior olive High Low All three parts, only somata
Hypoglossal nucleus High High 12N Motoneurons with dendritic labelling
Prepositus nucleus Low Low Pr Dendritic labelling
Dorsal nucleus of vagus High High 10N Dendritic labelling
Facial nucleus High High 7N Motoneurons with dendritic labelling
Motor trigeminal nucleus High High 5N Motoneurons with dendritic labelling
Vestibular nucleus
Lateral part
Medial part
Spinal part
Cranial part
Low
Low
Low
Low
Low
Medium
Medium
Medium
Medium
Medium
Predominant staining
Multipolar deiters-cells
Singular and multipolar cells
Like in the medial part but more frequent
Only singular staining
Superior olive lateral/medial/
paramedial parts
Low Low Only somata
Ventral cochlear nucleus Low Medium Dendritic labelling in different strengths, cells of large and
medium sizes
Ko¨lliker–Fuser nucleus Medium Medium/high KF Dendritic labelling in different strengths of multipolar cells
Sagulum nucleus/cuneiforme nucleus Low High Sag/CuF Singular cells with attachments
Deep grey layer Low Medium Singular multipolar cells
Reticulotegmental nucleus of the pons Low Low RtTg Only in the rostral part
Continuous staining of neurons of medium size dendritic labelling
in different strengths, cells of large and medium sizes
Cerebellum
Region Density of cells Intensity Abbrev.
Pax/Wats
Medial cerebellar nucleus Medium High Large multipolar neurons
Vestibulocerebellar nucleus High High VeCb Large and dense multipolar neurons
Interposed cerebellar nucleus High High
Inferior cerebellar peduncle Medium Medium icp
Uncinate fasciculus of the cerebellum High High un
Ventral spinocerebellar tract High High vsc
Fig. 8. Cerebellum; overview (A). Vestibulocerebellar nucleus [VeCb] in detail (B).
Medial cerebellar nucleus [MedDL] in detail (C) [A – Scale bar = 1000 mm, B – Scale
bar = 100 mm, C – Scale bar = 100 mm]. Interposed cerebellar nucleus, anterior part
[IntA], interposed cerebellar nucleus, posterior part [IntP], sagittal section; lateral
1.40 mm.
Fig. 7. Motor cortex [M]; coronal section (A); detail (B) [A – Scale bar = 2000 mm, B –
Scale bar = 50 mm]. Caudate putamen [CPu], globus pallidus [GP], sensory cortex
[S]; coronal section; Bregma 1.35 mm.
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Fig. 11. Hippocampus; ﬁeld CA1 [CA1]; ﬁeld CA2 [CA2]; dentate gyrus [GD] coronal
section (A); overview (B); CA2 detail (C); DG detail (D); CA1 detail (E) [A Scale
bar = 2000 mm, B Scale bar = 1000 mm, C Scale bar = 100 mm, D Scale bar = 100 mm,
E Scale bar = 100 mm] ﬁeld CA3 [CA3]; internal capsule[ic]; coronal section; Bregma
4.40 mm.
Fig. 9. Red nucleus [R]; overview (A); detail (B) [A – Scale bar = 1000 mm, B – Scale
bar = 100 mm]. Coronal section; Bregma 5.10 mm. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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There have been many studies investigating the distribution of
5-HT4-receptors in the brain of different species in the last 15 years
(Waeber et al., 1994; Jakemann et al., 1994; Ullmer et al., 1996;
Vilaro´ et al., 1996, 2005). Most studies are methodically based on in
situ hybridization (Ullmer et al., 1996; Vilaro´ et al., 1996, 2005) or
RT-PCR (Vilaro´ et al., 2005) and have analysed the receptors at the
mRNA level. Furthermore there have been some autoradiographic
or radioligand binding studies using speciﬁc 5-HT4R antagonists
like [3H]GR113808, [3H]BIMU-1 or [125I]SB207710 (Waeber et al.,
1994, 1996; Jakemann et al., 1994). In older publications we canFig. 10. Ambiguus nucleus [Amb]; coronal section (A); detail (B) [A Scale bar = 1000
mm, B Scale bar = 100 mm] Botzinger complex [Bo]; gigantocellular reticular
nucleus [Gi] coronal section; Bregma 12.10 mm.still ﬁnd the now obsolete terms 5-HT4S and 5-HT4L for the splice
variants 5-HT4(a) and 5-HT4(b) (Ullmer et al., 1996; Vilaro´ et al.,
1996). We analysed the 5-HT4(a)-receptor at protein level with a
monospeciﬁc polyclonal antibody, which has been proven toFig. 12. Primary sensory cortex [S1]; coronal section (A); detail (B) [A Scale
bar = 2000 mm, B Scale bar = 100 mm] Motor cortex [M]; caudate putamen [CPu];
coronal section; Bregma 1.00 mm.
Fig. 13. Hippocampus; coronal section (A); overview and plot (B) [A Scale
bar = 2000 mm, B Scale bar = 1000 mm] coronal section; Bregma 4.60 mm.
Fig. 14. Hippocampus; coronal section (A); overview and plot (B) [A Scale
bar = 2000 mm, B Scale bar = 400 mm] coronal section; Bregma 2.15 mm.
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corresponds with the predicted molecular mass of the 5-HT4(a)R in
previous studies (Bickmeyer et al., 2002; Manzke et al., 2003, 2008)
by using an immunohistochemical staining.
We could see an intensive staining in some areas of the cortex
(see Fig. 4), in the olfactory bulb, in most areas of the cerebellum
(see Fig. 8), in hippocampal areas like the dentate gyrus (see
Figs. 11, 13 and 14) and in several different areas of the brainstem,
especially in the motor nuclei (see Fig. 5) (see tabular results for
detail). A rat speciﬁc lesions study using [3H]GR113808 showed
that lesions of the dorsal and medial raphe nuclei resulted in
increased 5-HT4-receptor binding in most examined regions,
especially in the basal ganglia (caudate putamen) and in the
hippocampus (Compan et al., 1996). In our study we showed a low
density of 5-HT4(a)-receptor in the basal ganglia (see Figs. 7
and 12).
Overall we have shown comparable results in accordance with
the results of other studies investigating the distribution of 5-
HT4(a)-receptors in many brain regions, which emphasizes the
plausibility of the shown results. On the other hand we also
observed differing results in some brain regions like the cerebel-
lum. This could be explained with the methodical differences
between the studies (in situ hybridization; RT-PCR). Some areas
like the islands of Calleja, the preoptic nucleus or the medial
habenular nucleus showed a lower intensity of 5-HT4(a)-receptorsin comparison with the results of other studies (Waeber et al.,
1994; Jakemann et al., 1994; Ullmer et al., 1996; Vilaro´ et al., 1996).
The medium/high density of cells and intensity of staining that was
found in the hippocampal areas (see Fig. 11) is compatible with the
results shown by most other studies (Vilaro´ et al., 2005; Ullmer
et al., 1996). Our results support the hypothesis that 5-HT4(a)-
receptors may play an important role in cognitive functions like
learning and long-term memory (Bonhomme et al., 1995;
Marchetti-Gauthier et al., 1997).
We encountered a high density of cells and a high intensity of
staining in somatosensory cortex areas like the primary somato-
sensory cortex or the secondary somatosensory cortex (see Figs. 4,
12 and 15). We conclude that 5-HT4(a)-receptors could play a more
important role in sensory processing functions.
Furthermore we encountered a high density of cells and a high
intensity of staining in the area of the superior colliculus. We
conclude that the 5-HT4(a)-receptor may play more prominent
roles in the processing of optical reﬂexes and in the coordinated
reaction to optical stimulation.
The medium/high density of neurons and intensity of staining
we encountered in the olfactory bulb and in the olfactory tubercle
is also compatible with the results of most other studies (Jakemann
et al., 1994; Ullmer et al., 1996; Vilaro´ et al., 2005), although some
of these studies indicate a lower concentration of 5-HT4(a)-
receptors. Our results also support the hypothesis that 5-HT4(a)-
receptors may participate in functions of olfactory memory
(Marchetti-Gauthier et al., 1997; Bockaert et al., 1998).
Fig. 15. Motor cortex and sensory cortex (overview and plot) [Scale bar = 2000 mm]
coronal section; Bregma 2.15 mm.
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study with the result of other studies we can ﬁnd both
differences and similarities in the results and in the conclusions.
An autoradiographic study (Waeber et al., 1994) showed that
only low densities of [3H]GR113808 binding sites are found in the
rat brain before birth and marked densities increases are
observed only during the second and third week after birth.
They conclude that this result would suggest that 5-HT4-
receptors exert their functions mainly in the adult brain and
not during ontogeny. We have to remark that an increase in the
second and third week after birth could also be interpreted the
way that 5-HT4-receptors play an important role in the juvenile
development of the rat brain. The differences between the results
of our study and other studies (Ullmer et al., 1996; Vilaro´ et al.,
2005), could also be explained with the fact that the other studies
used adult rat brains.
In summary we found a higher intensity of 5-HT4(a)-receptor in
several brain areas associated with motor functions than was
shown by other studies, especially in the motor cortex, in different
areas of the cerebellum, in the red nucleus, in the motor nuclei of
the brainstem or in the in the ventral horn cells of the spinal cord
(see Figs. 5, 6, 8–10).
From a functional point of view these areas are part of cortico-
ponto-cerebellar, cotico-spinal, rubro-spinal, vestibulo-spinal as
well as cortico-nuclear tracts initiating and modifying general
motor functions. We conclude that the 5-HT4(a)-receptor may play
a more prominent role in the modulation of motor cortico-ponto-
cerebellar, cortico-spinal, rubro-spinal, vestibulo-spinal and cor-
tico-nuclear tracts during juvenile development.Ethical statement
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